Proteolytic enzymes are usually biosynthesized as somewhat larger inactive precursors known as zymogens. These zymogens must undergo an activation process, usually a limited proteolysis, to attain their catalytic activity. When the activating enzyme and the activated enzyme coincide, the process is an autocatalytic zymogen activation. In the present study, a kinetic analysis of the entire progress curve for the autocatalytic zymogen activation reactions is presented. On the basis of the kinetic equations, a novel procedure is developed to evaluate the kinetic parameters of the reactions. This procedure is particularly useful for the fast zymogen autoactivation reactions. As two examples, the novel procedure is used to analyse the autocatalytic activation of bovine trypsinogen and human blood coagulation factor XII (Hageman factor).
Proteolytic enzymes are normally biosynthesized and secreted as inactive precusors. These precusors to active enzymes are known as proenzymes or zymogens. The zymogens must undergo an activation process, usually a limited proteolysis, to attain their catalytic activity at a physiologically appropriate time and place. The active forms of zymogens usually have powerful physiological effects, and their synthesis in inactive form permits them to be safely stored until they are required. Zymogen activation is a phenomenon of great importance to our understanding of fundamental biochemical and physiological processes. They are involved in the regulation of enzyme activity, including digestion [1], metabolism [2], differentiation [3] , immunity [4, 5] , blood coagulation [6] , fibrinolysis [7, 8] , apoptosis [9] and response to injury [10] .
When the zymogen is activated by its own enzyme, the process is an autocatalytic zymogen activation. Physiological examples of these processes are the activation of prekallikrein [11] , trypsinogen [1], pepsinogen [12] and human blood coagulation factor XII [13] by kallikrein, trypsin, pepsin and factor XII a (a form of activated XII), respectively. Although the autoactivation of zymogen is a classic topic in biochemistry and has been carefully studied from a structural point of view, the kinetic analysis of this reaction has not been carried beyond the preliminary stages, at which only overall parameters were determined [11, 13, 14] . Recently, kinetic studies of several models for autocatalytic zymogen activation have been carried out [15±18] . Based on a minimal scheme of autocatalytic zymogen activation, Garcõ Âa-Moreno et al. [19] and Manjabacas et al. [20] have developed a simple method to determine the kinetic parameters involved. However, the kinetic equations they derived are only valid for the early stage of the reaction. In the present study, a complete kinetic analysis for the process of autocatalytic zymogen activation is presented. On the basis of the kinetic equation, a graphic method is developed to evaluate the kinetic parameters of the reaction. This method is particularly well suited to determine the kinetic parameters of fast zymogen autoactivation reactions with a turnover number of greater than 1 min
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. Moreover, the amount of information that can be obtained from a progress curve is much more than form an initial-rate determination. The use of the entire progress curve can reduce the number of experimental manipulations and the attendant possibility of random error, and should result in greater accuracy. As two examples, the procedure presented here was used to analyse the autocatalytic activation of bovine trypsinogen and human blood coagulation factor XII.
K I N E T I C A N A L Y S I S
The mechanism of the autocatalytic zymogen activation can be written as [19] :
where E and Z represent enzyme and zymogen, and W is the peptide which is eliminated from Z. If the enzyme and zymogen are in rapid equilibrium with the enzyme± zymogen complex, i.e. the formation of EZ complex is a fast reaction relative to the cleavage step of the peptide bond, we then have
Differentiation of this equation with respect to y gives:
Substitution of Eqn (12) into Eqn (11) yields
Combining Eqns (13) and (14), we obtain
Using the method of equating coefficients, Eqn (15) can be written as:
Integration of Eqn (16) with t 0, y y 0 yields:
where:
Eqn (17) gives the S-shaped logistic curve typical of autocatalytic reactions. Figures 1 and 2 show the effects of K S and k 2 on the progress curves of the autocatalytic zymogen activation. As seen in these figures, decreasing the K S value or increasing the k 2 value will result in a decease in the lag time for activation reaction.
D E T E R M I N A T O N O F K I N E T I C P A R A M E T E R S
It can be seen from Eqn (17) that any particular progress curve contains two independent parameters, K S and k 2 . In theory, the fitting of data from a single progress curve to Eqn (17) will yield values for K S and k 2 . In practice, however, Eqn (17) is quite complex and, due to the fact that experimental data always contain experimental uncertainties, may be difficult to treat. With a set of unfortunate starting values, the fitting procedure will converge to the wrong values or perhaps enter a nonconvergent cycle. Therefore, it is necessary to develop some new approaches to overcome this difficulty.
Differentiation of Eqn (11) shows that
To find the inflection point of [E T ] vs. t curve, setting:
we obtain the equation:
Hence, the inflection point value of [E T ], [E T ]*, is given by:
Substituting this value of [E T ]* into Eqn (17) yields:
we then have:
Hence, the inflection point of the H , is given by: . The initial concentrations of enzyme and zymogen for curves 1 and 2 are E 0 0X2 mmY Z 0 10 mm, and E 0 H 0.3 mm, Z 0 H 15 mm, respectively.
From Eqns (24) and (26), we have:
where GK S is the function of E 0 , Z 0 , E 0 and Z 0 . Therefore, the value of K S can be obtained by solving Eqn (27) when the initial concentrations of enzyme and zymogen are known. Figure 3 shows the schematic plots of [E T ] against reaction time, t, with two different initial concentrations of enzyme and zymogen. Because Eqn (27) is too complex to be solved analytically, we can only solve it by numerical or graphical methods. Let
According to the graphical method, the K S value can be determined from the intersection of the curve z Gx and the line z t*at* H (Fig. 4) . Thus, for determining the kinetic parameters of the autocatalytic zymogen activation, the following calculations are performed:
(a) measurement of the time courses of enzyme formation at two different initial concentrations of enzyme and zymogen, [E] (25); (c) generation of the graphs of z Gx and z t*at* H , and estimation of the K S value from the intersection of the curve z Gx and the line z t*at* H ; and (d) substitution of the estimated K S value into Eqn (22) and calculation of the corresponding k 2 value.
M A T E R I A L S A N D M E T H O D S
Bovine pancreatic trypsinogen, trypsin and N-a-p-tosyl-larginine methyl ester were purchased from Sigma Chemical Co. The active site molarity of trypsin was 90%. Traces of chymotryptic activity would not be expected to interfere with the activation of trypsinogen, as the specificity does not fit the activation sites [21] . All other chemicals were local products of analytical grade. The concentration of trypsinogen was determined by measuring the absorbance at 280 nm and using the absorption coefficient 33 600 m 21´c m 21 [22] . In kinetic studies of the conversion of trypsinogen into trypsin with the trypsin catalyzing the reaction, aliquots of the incubation mixture of trypsinogen and trypsin were periodically removed and the activity of trypsin was determined by measurement of the initial rate of the reaction using 1 mm N-a-p-tosyl-l-arginine methyl ester. The reaction were monitored at 247 nm, using a Shimadzu spectrophotometer UV-2101PC in the kinetic mode. All the assays were carried out at 308C and pH 8.1 in 0.04 m Tris/ HCl buffer. In all the solutions, the concentration of CaCl 2 was 0.01 m [19] .
R E S U L T S
Trypsinogen, the zymogen form of trypsin, is secreted into the duodenum by pancreatic cells. The conversion of trypsinogen into trypsin by enterokinase is the first step of cascaded activation sequence [1] . The activation of trypsinogen begins with the hydrolytic removal of the Nterminal hexapeptide H 2 N-Val-Asp-Asp-Asp-Asp-Lys [23] . The produced trypsin in turn catalyzes the autoactivation of trypsinogens and the activation of other pancreatic zymogens. This autocatalytic activation process is strongly stimulated by calcium ions [24] . The effect of varying concentrations of trypsin and trypsinogen on the rate of activation was studied. Figure 5 shows the activation of varying amounts of enzyme and zymogen. The maximal trypsin activity was proportional to the total concentration of trypsin plus trypsinogen, indicating that the reaction went to completion in each case. According to the graphic method mentioned above, the kinetic parameters can be determined from any pair of the progress curves with different concentrations of enzyme and zymogen. Table 1 summarizes the results obtained from each pair of the progress curves. The average values of K S and k 2 are 45.3 mm and 0.065 min
21
, respectively. It can be seen from Table 1 that the values of the kinetic parameters obtained by the present study are quite close to those obtained by Garcõ Âa-Moreno et al. [19] .
Another example of autoactivation from biochemistry is that of the human blood coagulation factor XII (Hageman factor). Human blood coagulation factor XII is the zymogen form of a serine protease that plays a central role in the early phase of intrinsic coagulation, kinin formation, and fibrinolysis [25, 26] . Upon exposure of human plasma to negatively charged surfaces such as glass or kaolin, these contact activation reactions are initiated. Factor XII a , a form of activated factor XII, has been suggested to be capable of activating its own zymogen, factor XII, in the presence of glass, kaolin, or dextran sulfate [13,21,27±31] . Figure 6 shows the activation of varying amounts of factor XII in the presence of 150 mm sulfatides. Similarly, the kinetic parameters were determined from each pair of the progress curves. The average values of K S and k 2 so determined are K S 20.07 mg´mL 21 and k 2 0.91 min 21 , respectively. This result indicates that although no deviation from the second-order reaction mechanism at high factor XII concentrations was observed [13] , it should not be taken as evidence (as some workers have done) that these concentrations are still well below the K S for this reaction.
D I S C U S S I O N
The activation mechanism of zymogens has been carefully studied from a structural point of view [32] . Havsteen et al. elaborated a complete kinetic analysis for these processes [33] . However, these contributions did not include the autoactivation of zymogens which is a particular case of the activation of zymogens. Because the autocatalytic activation of zymogens plays a key role in the regulation of many integrated metabolic systems in living organisms, a detailed kinetic analysis for the autocatalytic zymogen activation reaction is desired. In this study, an analytical expression for describing a minimal scheme of zymogen autoactivation including the enzyme-zymogen complex and assuming rapid equilibrium of the reversible step is presented. On the basis of the kinetic equation, we have designed and demonstrated the use of a new method to acquire essential kinetic parameters.
The autocatalytic activation of zymogens has usually been described by the simple second-order mechanism [11, 13, 14] :
The reaction rate is given by:
which can be solved to give:
Experimental data may be plotted linearly by plotting the left side of the equation against t, and the apparent reaction rate constant, k app , can then be determined from the slope of the straight line. However, many of the zymogen-activating enzyme operate by a bi±uni of mechanism. Hence, a more detailed and realistic mechanism is [19] : Since the step EZ 3 EE 1 W requires the cleavage of a peptide bond, whereas the step EE 3 2E is a simple dissociation process, the relation k 2 p k 3 is generally satisfied. The reason for the low k 2 /k 3 ratio for amide substrates of such enzymes is that a slow conformational change that opens the catalytic site to the specific substrate precedes the bond cleaving step. Almost the same argument is supporting the assumption of the existence of a rapid preequilibrium involving the binding of Z to E. In addition, direct measurement using the temperature jump technique shows that the binding interactions of such enzymes even with protein substrates are much faster than the subsequent steps [34] . Therefore, Scheme 3 can be approximated by Scheme 1: Figure 7 shows the effect of the initial concentrations of enzyme and zymogen on the time courses for the zymogen autoactivation. It can be seen from the inset of this figure that when the same data were analyzed using a second-order logarithmic plot, a set of straight lines with different slopes were obtained. This result indicates that the shapes of progress curves provide a rather insensitive test of whether particular equations are obeyed. It is always advisable therefore to carry out several experiments at different initial concentrations of zymogen and enzyme. If the slopes of the second-order logarithmic plots increase with increasing the total amounts of enzyme plus zymogen, the second-order kinetic model can then be ruled out.
Several years ago, based on Scheme 1, Garcõ Âa-Moreno et al. developed a simple procedure for the evaluation of K S and k 2 [19] . In this method, they assumed that the initial concentrations of zymogen and enzyme satisfy the condition [Z] 0 q [E] 0 , and therefore the concentration of zymogen remains approximately constant during the course of the reaction. This method is essentially an initial-rate method and the kinetic equations derived are only valid from the beginning of the reaction. This is not a problem for the trypsinogen autocatalytic activation as the reaction is relatively slow. However, for many zymogen autoactivation reactions, the autoactivation reactions are too fast to obtain an accurate record of the initial part of the reaction progress. In addition, some zymogen preparations may contain more than 5% of active contaminating enzyme. In these cases, the initial-rate assumption becomes impractical, and alternative methods are required.
In the present study, a graphic method has been developed to determine kinetic parameters by using entire progress curves of enzyme reaction. This method does not need any assumption about the relative values of the initial concentrations of the enzyme and zymogen. The analysis of the progress curves of enzyme-catalyzed reactions has often been regarded as an attractive alternative to the initial-rate methods for the determination of kinetic parameters. The attraction lies in the use of the entire progress curve rather than just a small part of it, the initial rate, which is the most difficult portion to measure accurately, particularly in the cases of fast autoactivation reaction. Comparing to other methods developed previously, the only weakness of the present method is that it may not be applicable to more complex schemes of autoactivation zymogen.
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